Introduction
============

Na^+^/H^+^ antiporters are crucial for survival in all organisms because they control the intracellular sodium and proton concentrations ([@B1], [@B2]). Most Na^+^/H^+^ exchangers belong to the superfamily of monovalent cation/proton antiporters, CPA[^2^](#FN2){ref-type="fn"} ([@B1]). CPA1 transporters couple the transport of *n* protons to that of *n* Na^+^ ions across the membrane and are electroneutral, whereas the CPA2 subfamily includes electrogenic Na^+^/H^+^ exchangers, such as NhaA from *Escherichia coli* (EcNhaA) ([@B1]). NhaP1 from *Methanocaldococcus jannaschii* (MjNhaP1) is currently the only CPA1 exchanger for which structural information is available ([@B3], [@B4]). It is therefore an important prototype for the CPA1 subfamily, which includes the medically important eukaryotic NHEs.

There is general agreement that most transporters function according to the alternate access principle ([@B5]), where the substrate binding sites are alternatively exposed to the cytoplasmic and the extracellular sides of the membrane. However, the structural elements and conformational transitions vary considerably between transporter families (for reviews, see Refs. [@B6], [@B7]). The mechanism of an exchanger or antiporter is in principle explained very simply ([@B8], [@B9]) in terms of a flexible membrane-spanning macromolecule with a common binding site for both substrates, known as a transporter. The transporter alternates between a cytoplasmically (inward) and an extracellularly (outward) open conformation if and only if the binding site is occupied. A transition between the two conformations of the empty transporter would create a "leak" that has to be avoided.

The condition that forbids a transition of the empty carrier can also be expressed in terms of thermodynamics. The energy barrier between the inward and the outward open forms of the transporter is low when the substrate is bound but high in its absence. This is a well known principle in enzyme catalysis ([@B8], [@B10]), where substrate binding lowers the barrier. In a conventional enzyme the barrier applies to substrate conversion. In a transporter the barrier applies to the conversion of (at least two) different conformational states. Indeed, the question of how substrate binding lowers the barrier for the conformational transition is central to an understanding of membrane transport and remains yet to be answered.

A striking feature of all Na^+^/H^+^ exchangers is their pronounced pH dependence. Specialized protein regions, referred to as "pH sensors" or "proton modifiers" have been suggested to account for the strong pH dependence ([@B2]). This concept has recently been challenged by the finding that EcNhaA is active at cytoplasmic pH 5 ([@B11]). It was shown that the substrate dependence of EcNhaA is explained by a simple kinetic model with a single substrate binding site, which is alternatively occupied by one Na^+^ or two H^+^ ([@B11]). On this basis it was proposed that the pH dependence of Na^+^/H^+^ exchangers is a unique property of their transport mechanism. An attractive feature of the model is that Na^+^/H^+^ exchangers ([Fig. 1](#F1){ref-type="fig"}*A*) are inherently down-regulated at alkaline or acidic pH ([Fig. 1](#F1){ref-type="fig"}*B*) and that there is no intrinsic requirement of any "pH sensing" regions other than the substrate binding site. This mechanism prevents excessive acidification of the cytoplasm in the case of the CPA2 exchanger EcNhaA as well as excessive alkalinization in the case of the CPA1 transporter MjNhaP1.

![**Kinetic model for Na^+^/H^+^ exchangers.** *A*, kinetic model of Na^+^/H^+^ exchange. The substrate Na^+^ or H^+^ binds to the outward open (C*~o~*) or inward open (C*~i~*) form. Substrate binding is assumed to be in rapid equilibrium described by the parameters p*K~o~* = p*K~i~* as well as *K*~*D*,*o*~^Na^ = *K*~*D*,*i*~^Na^. The reorientation of the carrier takes place with the rate constants *k*~1~^+^ = *k*~1~^−^ and *k*~2~^+^ = *k*~2~^−^. Directions + and − were chosen arbitrarily to correspond to the physiological forward transport direction of EcNhaA. *B*, typical activity profile of a Na^+^/H^+^ exchanger calculated according to the steady-state solution of the kinetic model under symmetrical pH conditions (identical pH inside and outside) and an inward directed sodium gradient. Note that at physiological conditions the relevant mechanism of down-regulation is substrate depletion for transporters of the CPA1 family and substrate competition for transporters of the CPA2 family. *Schematic* in *B* shows the transport direction of H^+^ (*purple circle* and *arrow*) and Na^+^ (*green circle* and *arrow*), as well as the direction of the Na^+^ gradient (*green triangle*).](zbc0221483420001){#F1}

To investigate the pH regulation of CPA1 exchangers we have undertaken an electrophysiological analysis of MjNhaP1. CPA1 Na^+^/H^+^ exchangers have so far not been characterized by such methods because their net transport reaction is electroneutral so that steady-state currents cannot be recorded. However, we were able to capture the Na^+^ translocation step by solid-supported membrane (SSM)-based electrophysiology under conditions where the compensating H^+^ transport step does not occur. In this way, we tested and verified the previously described kinetic model for Na^+^/H^+^ antiporters for a CPA1 antiporter and obtained new insights into the substrate translocation complex and the electrogenic nature of partial reactions in the MjNhaP1 transport cycle.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Plasmids and Bacterial Strains

A MjNhaP1 construct containing C-terminal Myc and His tags in the pTrcHis2-Topo vector was used ([@B4]). Point mutations were generated using the QuikChange II Site-directed Mutagenesis kit (Agilent Technologies) and the following mutagenic primers: MjNhaP1_N160A_s (GTTAGAGGCGGAGAGTATCTTTgcCGACCCATTGGGAATAGTTTC) and MjNhaP1_N160A_as (GAAACTATTCCCAATGGGTCGgcAAAGATACTCTCCGCCTCTAAC). The MjNhaP1 D161A mutant was kindly provided by Prof. Zeilinger ([@B12]) and was obtained using the primers with MjNhaP1_D161A_s (TATTCCCAATGGGgCGTTAAAGATA) and MjNhaP1_D161A_as (TATCTTTAACGcCCCATTGGGAATA).

For protein production, *E. coli* BL21(DE3) cells were used.

#### Overexpression, Purification, and Reconstitution of MjNhaP1

MjNhaP1 WT and mutants were overexpressed in *E. coli* BL21(DE3) and purified using Ni^2+^ affinity chromatography as described previously ([@B4]). Reconstitution of purified protein was performed essentially as described previously ([@B4]) at lipid to protein ratios of 10 or 50 (w/w) and to the indicated lipid concentration.

#### Na^+^ Efflux in Proteoliposomes

MjNhaP1 proteoliposomes were prepared at lipid to protein ratios of 50 and resuspended in Na^+^ loading buffer (10 m[m]{.smallcaps} MES, 10 m[m]{.smallcaps} HEPES, 10 m[m]{.smallcaps} Tris, pH 8, 300 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} MgCl~2~) at 15 mg/ml lipid concentration. 10 μl of liposomes was diluted in efflux buffer (10 m[m]{.smallcaps} MES, 10 m[m]{.smallcaps} HEPES, 10 m[m]{.smallcaps} Tris, 600 m[m]{.smallcaps} mannitol, 5 m[m]{.smallcaps} MgCl~2~) titrated to various pH values with Tris or HCl, and mixed using magnetic stirring for 20 s. The suspension was added to a chromatographic column containing 0.5 ml of the strong cation exchange resin Dowex 50WX8 (*N*-methyl-[d]{.smallcaps}-glucamine^+^) (Dow Chemical Company) and passed through the column using a flow rate of 12 ml/min generated by a HiLoad Pump P-50 (GE Healthcare) to remove sodium that was transported out of the liposomes. Proteoliposomes were eluted by addition of water, and the eluate was diluted to 5 ml. Na^+^ concentrations were determined by atomic absorption spectroscopy using an AAnalyst 100 system (PerkinElmer Life Sciences). To verify that determined concentrations corresponded to Na^+^ concentrations inside the proteoliposomes, proteoliposomes solubilized in 0.05% Triton X-100 were subjected to the same treatment. The Na^+^ concentrations determined with solubilized proteoliposomes were indicative of the amount of Na^+^ that could not be removed by the ion exchanger and were subtracted from all measured values. A base level of Na^+^ at which the efflux of Na^+^ through MjNhaP1 is considered 0 was taken for the efflux at pH 8. The efflux was considered 100% at outside pH 5, and all measurements were normalized to this value.

#### SSM-based Electrophysiology

SSM measurements were performed as described previously ([@B13], [@B14]). 27.5 μl of lipid to protein ratios of 10 proteoliposomes (at 3.33 mg/ml lipid concentration) were added to the SSM sensor containing an octadecanethiol/phospholipid hybrid bilayer adsorbed on a gold surface and allowed to incubate for at least 1 h. SSM measurements were performed according to a single solution exchange protocol (nonactivating solution, 0.5 s; activating solution, 0.5 s). Currents were amplified with a current amplifier set to a gain of 10^9^ V/A and a rise time of 10 ms. All measurement solutions for Na^+^ and Li^+^ concentration jumps contained 50 m[m]{.smallcaps} MES, 50 m[m]{.smallcaps} HEPES, 50 m[m]{.smallcaps} Tris, 200 m[m]{.smallcaps} choline chloride, 5 m[m]{.smallcaps} MgCl~2~, and 1 m[m]{.smallcaps} dithiothreitol and were titrated to the desired pH with Tris or HCl. In addition, nonactivating solutions contained a further 100 m[m]{.smallcaps} choline chloride, whereas activating solutions contained *x* m[m]{.smallcaps} NaCl (or LiCl) and (100 − *x*) m[m]{.smallcaps} choline chloride. The measurement solutions for pH jumps all contained 20 m[m]{.smallcaps} MOPS, 5 m[m]{.smallcaps} MgCl~2~, 200 m[m]{.smallcaps} choline chloride, 1 m[m]{.smallcaps} dithiothreitol and were titrated to the desired pH with Tris. Additionally, solutions contained either a further 100 m[m]{.smallcaps} choline chloride or 100 m[m]{.smallcaps} NaCl.

#### Correction of Transient Currents

Two methods were used to correct the recorded SSM transient currents for effects due to the interaction of the substrate concentration jumps with the lipid membrane. First, transient currents recorded for the same substrate concentration jumps on empty liposomes were subtracted from the transient currents recorded on MjNhaP1 proteoliposomes. For pH jumps the solution exchange effect was recorded on the same sensor by adding 100 m[m]{.smallcaps} Na^+^ to the activating and nonactivating solutions to block the exchanger in the Na^+^-bound form. Alternatively, amplitudes of the transient currents for Na^+^ and Li^+^ concentration jumps could be corrected directly by subtraction of the amplitudes of the same substrate concentration jump on empty liposomes, yielding results comparable with the subtraction of the current traces.

#### Kinetic Analysis and Numerical Methods

Based on the kinetic model shown in [Fig. 1](#F1){ref-type="fig"}*A* steady-state and pre-steady-state solutions were determined. An analytical steady-state solution was calculated as described previously ([@B11]) using Mathcad (Parametric Technology Corporation, Needham, MA). The turnover calculated by this approach was used for the simulations in [Fig. 6](#F6){ref-type="fig"}. For the fit in [Fig. 4](#F4){ref-type="fig"} a numerical solution was determined by solving the defining differential equations of the kinetic model shown in [Fig. 1](#F1){ref-type="fig"} using Berkeley Madonna (version 8.3.18; Berkeley Madonna Inc., University of California, Berkeley, CA).

#### Setting Up the Differential Equations

Intermediates, substrate concentrations, and rate constants are labeled as *o* = out (periplasmic) or *i* = in (cytoplasmic). In the case of the conformational transitions (*k*~1~, *k*~2~) forward (+) was arbitrarily chosen as the physiological forward transport direction of EcNhaA.

The system of coupled differential equations describing the kinetic model in [Fig. 1](#F1){ref-type="fig"}*A* is The system of differential equations was numerically solved using the initial conditions at the given pH (for Na^+^ and pH jump experiments the initial pH was the same inside and outside and is set to pH~i~) with

#### Calculation of the Transient Currents, Numerical Pre-steady-state Solution

From the intermediate concentrations the time-dependent transporter current *I~T~*(*t*) was calculated according to The parameters *e*~1~ and *e*~2~ are the displaced charge in the Na^+^ and the H^+^ translocation reaction.

Solution exchange on the surface of the SSM has a time constant of ∼ 5--15 ms ([@B13]). This affects the time course of the transient current. To take into account the limited speed of solution exchange we used a third-order low pass filter with a time constant of 2.2 ms. This reproduced the transient currents measured on the SSM and corresponds to a time constant of the solution exchange of 6 ms. This yields the measured current *I*(*t*). The substrate binding and release rate constants are chosen in a way to ensure fast (\<0.1 ms) relaxation of the binding equilibria. In addition they have to satisfy the relationships defining the preset p*K* and *K~D~* values (*x* = *o* or *i*). A symmetrical kinetic model was chosen throughout this report. The displaced charge for MjNhaP1 was set to

#### Calculation of Turnover, Numerical Steady-state Solution

This may be obtained using the same system of differential equations by calculating the current at sufficiently large time values. In this case the charge parameters were set to The results of this calculation represent steady-state activity or turnover of the transporter and were used in [Fig. 4](#F4){ref-type="fig"}*C*.

RESULTS
=======

### 

#### Substrate Concentration Jumps Induce Transient Currents in MjNhaP1

Although the overall transport cycle of MjNhaP1 is electroneutral, the partial reactions of Na^+^ or H^+^ translocation (depicted in the *insets* in [Fig. 2](#F2){ref-type="fig"}, *A* and *B*) are electrogenic. We were able to separate the Na^+^ and H^+^ translocation reactions by SSM-based electrophysiology and thus to analyze the transport mechanism by monitoring the two partial ion translocation steps of MjNhaP1.

![**Substrate concentration jumps performed on MjNhaP1 proteoliposomes induce a transient current.** *A*, transient currents recorded after a 0--10 m[m]{.smallcaps} Li^+^ concentration jump (ΔLi) or a 0--50 m[m]{.smallcaps} Na^+^ concentration jump (ΔNa) at pH 7.5 on MjNhaP1 proteoliposomes or empty liposomes. Subtraction of the two signals shows the corrected transient current (in *red*) generated by MjNhaP1. *B*, transient currents recorded after a jump from pH 7.5 to pH 6.5 (ΔpH) on MjNhaP1 proteoliposomes, with either choline^+^ or Na^+^ as a background. Subtraction of the two signals shows the corrected transient current generated by MjNhaP1 (in *red*). For comparison the trace of a 50 m[m]{.smallcaps} Na^+^ concentration jump at pH 7.5 on the same sensor (ΔNa) is also shown. The time scale in *A* and *B* is determined by the solution exchange protocol: the valve switches at *t* = 0.5 s, and the activating solution reaches the SSM ∼ 35 ms later. *Insets* indicate the specific partial reactions involved in the particular concentration jumps. *Schematics* show the transport direction of H^+^ (*purple circle* and *arrow*) and Na^+^ (*green circle* and *arrow*), as well as the direction of the Na^+^ (*green triangle*) or H^+^ (*purple triangle*) gradients. *C* and *D*, substrate dependence of transient currents at pH 7.5. Dependence of the peak currents was recorded for concentration jumps of Na^+^ (ΔNa, *C*) or Li^+^ (ΔLi, *D*) at pH 7.5. Peak currents recorded on MjNhaP1 proteoliposomes could be corrected for solution exchange effects by subtraction of peak currents recorded on empty liposomes. *Red lines* are hyperbolic fits of the corrected peak currents. Fit parameters are given in [Table 1](#T1){ref-type="table"}. *Error bars*, S.D.](zbc0221483420002){#F2}

Reconstituted MjNhaP1 was activated by fast Na^+^, Li^+^, or H^+^ concentration jumps. MjNhaP1 has been found to be inactive at pH above 7.5 ([@B4], [@B15]). Using conditions where the pH was kept at 7.5 on both sides of the membrane, proteoliposomes adsorbed to the SSM gave rise to a fast positive transient current in response to Na^+^ (ΔNa) or Li^+^ (ΔLi) concentration jumps ([Fig. 2](#F2){ref-type="fig"}*A*). To correct for the solution exchange effect due to unspecific interactions between cations and the lipid surface of the SSM ([@B16]), control experiments were conducted with empty liposomes. The transient currents obtained with empty liposomes showed a 4--10-fold lower signal, which could be subtracted from the currents measured with proteoliposomes. The resulting protein-dependent currents had high amplitudes ranging between 0.4 and 0.75 nA ([Fig. 2](#F2){ref-type="fig"}*A*). At saturating substrate concentrations, the amplitudes of the currents recorded for Na^+^ and Li^+^ on the same sensor were similar, indicating that the same charge was being displaced in both cases.

A transient current was also recorded upon a pH jump (ΔpH) in the absence of sodium using an SSM sensor with adsorbed MjNhaP1 proteoliposomes ([Fig. 2](#F2){ref-type="fig"}*B*). Because the pH jump effects varied significantly between different sensors, we applied a different correction method. To block the transporter in a Na^+^-bound form, 100 m[m]{.smallcaps} choline^+^ in both activating and nonactivating solutions was replaced by 100 m[m]{.smallcaps} Na^+^. By this approach the solution exchange effect for the respective pH jump was recorded for each individual sensor. This was then subtracted from the transient currents recorded for pH jumps in the absence of Na^+^. As observed for Na^+^ and Li^+^ concentration jumps ([Fig. 2](#F2){ref-type="fig"}*A*), a pH jump from pH 7.5 to pH 6.5 resulted in a positive transient current ([Fig. 2](#F2){ref-type="fig"}*B*). The recorded transients indicated that in MjNhaP1, translocation of H^+^ is slower than for Na^+^ or Li^+^. For a pH jump from pH 9.5 to pH 8.5 (data not shown), identical currents were recorded in the absence or presence of Na^+^ ions, indicating that no H^+^ are translocated. This is consistent with a p*K* of 6.8 as determined in our kinetic analysis (see below), which predicts a fully deprotonated binding site in the pH range from 8.5 to 9.5.

The experiments shown in [Fig. 2](#F2){ref-type="fig"} characterize the partial Na^+^ and H^+^ translocation steps as electrogenic, revealing a positive charge displacement. Integration of the corrected currents allowed calculation of the displaced charge and the comparison between the charge displaced in Na^+^ concentration jumps and pH jumps performed on the same SSM sensor. In an electroneutral transporter, an equal charge is expected to be displaced in the Na^+^ and H^+^ translocation steps. However, the displaced charge observed for a pH jump was only 48 ± 14% of the charge displaced in the Na^+^ jump experiment. We ascribe this to insufficient saturation of the H^+^ binding site in the pH jump from 7.5 to 6.5. Indeed, a control calculation using the kinetic model for these experimental conditions yielded a similar result of 64%.

#### pH Dependence of MjNhaP1

The pH dependence of MjNhaP1 transport has previously been investigated in everted vesicles by acridine orange dequenching ([@B15]), an assay that only works above pH 6. To examine transport activity in the pH range 5--8 (as for the SSM experiments), we monitored Na^+^ efflux by atomic absorption spectroscopy. MjNhaP1 was reconstituted into proteoliposomes containing 300 m[m]{.smallcaps} Na^+^ at pH 8. Transport was initiated by adding proteoliposomes to Na^+^-free buffer at a defined pH ([Figs. 3](#F3){ref-type="fig"}*A* and [4](#F4){ref-type="fig"}*C*). Note that in the acridine orange assay the pH in everted vesicles was adjusted at the Na^+^ uptake side (outside), whereas in our experiments the pH remained unchanged at the Na^+^ uptake side (pH 8 inside), preventing substrate competition for the same binding site. The measured pH profile indicated a plateau of high Na^+^/H^+^ exchange activity at pH ≤5.5. Transport decreased with increasing outside pH, with the lowest observed transport activity at pH 8.

![**pH response of MjNhaP1.** *A*, measurement of Na^+^ efflux with MjNhaP1 proteoliposomes by atomic absorption spectroscopy. Data points are the average of three individual efflux experiments for every pH value ± S.D. (*error bars*). *B* and *C*, pH dependence of peak currents recorded for concentration jumps of 10 and 50 m[m]{.smallcaps} Na^+^ (ΔNa, *B*) and 0.3 and 10 m[m]{.smallcaps} Li^+^ (ΔLi, *C*) on MjNhaP1 proteoliposomes. Peak currents were corrected and normalized to the peak current recorded for a concentration jump of 50 m[m]{.smallcaps} Na^+^ (ΔNa, *B*) and 10 m[m]{.smallcaps} Li^+^ (ΔLi, *C*) at pH 7.5. *D*, pH dependence of peak currents recorded after 50 m[m]{.smallcaps} Na^+^ or 10 m[m]{.smallcaps} Li^+^ concentration jumps for proteoliposomes containing the MjNhaP1 N160A and MjNhaP1 D161A mutants. Data shown in *B* to *D* are the average of recordings using three individual sensors ± S.D. *Schematics* in *A* and *B* show the transport direction of H^+^ (*purple circle* and *arrow*) and Na^+^ (*green circle* and *arrow*) as well as the direction of the Na^+^ (*green triangle*) or H^+^ (*purple triangle*) gradients. *Solid lines* are provided as guides.](zbc0221483420003){#F3}

![**The kinetic model of antiport describes the properties of MjNhaP1.** Simultaneous fit of the experimental data for MjNhaP1 is shown using the numerical pre-steady-state and steady-state solutions of the kinetic model in [Fig. 1](#F1){ref-type="fig"}*A*. Adjusted fit parameters were p*K~o~* = p*K~i~* = p*K* = 6.8, *K*~*D*,*o*~^Na^ = *K*~*D*,*i*~^Na^ = *K*~*D*~^Na^ = 0.014 [m]{.smallcaps}, *k*~1~^+^ = *k*~1~^−^ = 350 s^−1^, *k*~2~^+^ = *k*~2~^−^ = 69 s^−1^ and the filtering time constant τ = 0.0022 s. *A*, fit of the normalized amplitude of the transient currents as a function of pH. *B*, fit of the normalized amplitude of the transient currents as a function of the Na^+^ concentration. *C*, fit of the normalized Na^+^ efflux as a function of pH. *D*, fit of the time course of the normalized transient current for a Na^+^ concentration jump (ΔNa) of 50 m[m]{.smallcaps} at pH 7.5 and for a pH jump (ΔpH) from pH 7.5 to 6.5 at 0 Na^+^.](zbc0221483420004){#F4}

As pointed out above, the full steady-state turnover cycle of an electroneutral transporter cannot be monitored by electrophysiology. Thus, SSM-based electrophysiological measurements with the electroneutral MjNhaP1 cannot yield a pH profile of steady-state transport activity as shown in [Fig. 3](#F3){ref-type="fig"}*A*. However, under conditions where the H^+^ translocation step is slowed down or absent, for example at high pH, the partial electrogenic Na^+^ or Li^+^ translocation step can be monitored and analyzed by SSM-based electrophysiology ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*). The resulting transient currents recorded upon Na^+^ or Li^+^ concentration jumps on the SSM sensor ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*) show an inverse pH profile compared with [Fig. 3](#F3){ref-type="fig"}*A*. Hence, at low pH, where transport activity is high and substrate competition takes effect, transient currents are small, whereas strong currents are recorded at high pH, due to H^+^ depletion. For the Na^+^ and Li^+^ concentration jumps shown in [Fig. 3](#F3){ref-type="fig"}, *B* and *C*, currents reached a plateau level at pH ≥7.5.

#### MjNhaP1 D161A and N160A Mutants

CPA1 antiporters contain an Asn-Asp (ND motif) at the putative binding site, whereas the electrogenic CPA2 transporters have two Asp residues (DD motif) instead. It has been shown that mutation of the aspartates results in complete loss of activity, indicating that they are essential for transport in EcNhaA ([@B2]) and MjNhaP1 ([@B12]). We confirmed that replacement of Asp-161 in MjNhaP1 with alanine abolished the MjNhaP1-specific transient currents. Following either Na^+^ or Li^+^ concentration jumps performed using MjNhaP1 D161A proteoliposomes, the currents recorded were similar in amplitude and shape to those recorded for empty liposomes ([Fig. 3](#F3){ref-type="fig"}*D*). Interestingly, a similar effect was found following replacement of Asn-160 with alanine ([Fig. 3](#F3){ref-type="fig"}*D*). Thus, we were able to show that this highly conserved Asn residue found in CPA1 members ([@B4]) is equally essential for Na^+^ translocation in MjNhaP1.

Note that both investigated mutants correctly assembled into dimers as observed by Western blotting (data not shown). This confirmed that the observed lack of Na^+^-dependent currents in these mutants is caused by disruption of the substrate binding site and not misfolding of the mutant proteins.

#### Na^+^ and Li^+^ Dependence of the Transient Currents at Different pH Values

Transient currents were recorded for MjNhaP1 proteoliposomes in response to a range of Na^+^ and Li^+^ concentration jumps at pH 7.5, where the currents were high ([Figs. 4](#F4){ref-type="fig"}*B* and [Fig. 2](#F2){ref-type="fig"}, *C* and *D*). Peak currents increased rapidly with substrate concentration, indicating a hyperbolic Michaelis-Menten-type response. Apparent affinity values of the cation binding site were determined by a hyperbolic fit of the Na^+^- and Li^+^-dependent peak currents ([Table 1](#T1){ref-type="table"} and [Fig. 2](#F2){ref-type="fig"}, *C* and *D*). The 20-fold increase in affinity for Li^+^ over Na^+^ is in line with other Na^+^/H^+^ exchangers, which have likewise higher affinity for Li^+^ than for Na^+^ ([@B17]).

###### 

**Kinetic parameters of MjNhaP1**

Apparent affinity values (*K~m~*) were determined by a hyperbolic fit of the Na^+^ or Li^+^ dependence of peak currents recorded on an individual SSM sensor and are averages of measurements from three individual sensors (±S.D.). The ratio *k*~2~/*k*~1~ represents the rate constant of H^+^ relative to Na^+^ translocation. Kinetic parameters *k*~2~/*k*~1~, *K~D~*, and p*K* were determined as presented in [Fig. 4](#F4){ref-type="fig"}.

                                                        *K~m~* (pH 7.5)          *K~m~* (pH 6)            *K~D~*                   *k*~2~/*k*~1~
  ----------------------------------------------------- ------------------------ ------------------------ ------------------------ ---------------
                                                        \[*m[m]{.smallcaps}*\]   \[*m[m]{.smallcaps}*\]   \[*m[m]{.smallcaps}*\]   
  Na^+^                                                 6.7 ± 0.5                30 ± 1                   14                       0.2
  Li^+^                                                 0.3 ± 0.1                0.9 ± 0.4                0.7                      0.5
                                                                                                                                   
  p*K* (*K*~D~^H^) = 6.8 (1.6·10^−7^ [m]{.smallcaps})                                                                              

To investigate whether, as observed in EcNhaA ([@B11]), Na^+^ and H^+^ compete for the same binding site in MjNhaP1, experiments were repeated at lower pH. Indeed, concentration jumps at pH 6 revealed a similar competition effect for MjNhaP1 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}*B*).

#### Kinetic Model

A valid kinetic model has to account for the experimental substrate dependences of the carrier as well as the observed transient currents. Based on the model shown in [Fig. 1](#F1){ref-type="fig"}*A* the amplitudes of the transient currents ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*), the turnover of the transporter ([Fig. 4](#F4){ref-type="fig"}*C*), and the time dependence of the transient currents ([Fig. 4](#F4){ref-type="fig"}*D*) were numerically calculated, and a consistent parameter set was derived to fit the MjNhaP1 measurements ([Fig. 4](#F4){ref-type="fig"}). From these fits the kinetic parameters for MjNhaP1 were determined as follows: p*K* 6.8, *K*~*D*~^Na^ = 14 m[m]{.smallcaps}, *k*~1~ = 350 s^−1^, *k*~2~ = 69 s^−1^ (*k*~2~/*k*~1~ = 0.2) ([Table 1](#T1){ref-type="table"}). Note that in the framework of the kinetic model these parameters are true binding constants of the binding sites, rather than *K~m~* values.

DISCUSSION
==========

### 

#### MjNhaP1 Is a Prototypic Electroneutral Na^+^/H^+^ Exchanger

The NhaP1 Na^+^/H^+^ exchanger from *M. jannaschii* is an important prototype system for the CPA1 family of antiporters, which also includes the pharmacologically relevant mammalian NHE-type Na^+^/H^+^ exchangers. However, activity measurements by fluorescence dequenching with everted vesicles are in themselves insufficient for a detailed analysis of the transport mechanism and kinetics. Limitations arise from the p*K* of the fluorescent dye (10.4), which restricts measurements to a pH above 6. Moreover, the acidification of vesicles with [d]{.smallcaps}-lactate by the respiratory chain depends on the outside pH ([@B18]). Thus, the pH inside the vesicles and hence the pH gradient established across the membrane in different experiments are not known exactly. In the current study we used SSM-based electrophysiology, which has sufficient time resolution to separate partial steps in the reaction cycle. Therefore, although the overall transport of MjNhaP1 is electroneutral, we were able to isolate the partial electrogenic translocation of Na^+^, Li^+^, or H^+^ within the transport cycle. This is complemented by a Na^+^ efflux technique capable of assessing transporter activity in the pH range 5--8 at well defined inside pH and outside pH.

#### The Kinetic Model Explains the Substrate Dependence of MjNhaP1

In the kinetic model on which our analysis is based ([Fig. 1](#F1){ref-type="fig"}*A*), Na^+^ and H^+^ ions bind alternatively to the carrier in its outward open (C*~o~*) or inward open (C*~i~*) form, whereupon the loaded carrier reorients in the membrane. The model makes two simplifying assumptions: (i) substrate binding equilibria are infinitely fast, and (ii) the carrier is symmetrical, p*K~o~* = p*K~i~*, *K*~*D*,*o*~^Na^ = *K*~*D*,*i*~^Na^, *k*~1~^+^ = *k*~1~^−^, and *k*~2~^+^ = *k*~2~^−^. A carrier is considered symmetrical when transport kinetics in the forward and reverse direction are similar. This has been experimentally confirmed for EcNhaA ([@B11]), and we therefore assume the same for MjNhaP1. Additionally, the kinetic model is based on a common binding site for Na^+^ and H^+^. This is confirmed by the competitive behavior of Na^+^ or Li^+^ and H^+^ shown in [Table 1](#T1){ref-type="table"}, where a decrease in pH results in a decrease of the apparent affinity for Na^+^ or Li^+^ in MjNhaP1. This model yields an excellent fit to all experimental data with only four kinetic parameters. We, therefore, conclude that the model provides an equally appropriate description for MjNhaP1 as previously found for EcNhaA ([@B11]).

#### Electrogenic Na^+^ Translocation

Na^+^ translocation in MjNhaP1 was found to be associated with a displacement of positive charge. Interestingly, the opposite effect was observed in the CPA2 transporter EcNhaA. [Fig. 5](#F5){ref-type="fig"} compares both experiments. The high p*K* of EcNhaA (8.8) would require an extremely high pH to separate the Na^+^ translocation step. Therefore, we used the G338S variant, in which the pH profile is shifted to the acidic range (p*K* = 7.0 ([@B11])), close to what we determined for MjNhaP1. For EcNhaA G338S, the current recorded at high pH ([Fig. 5](#F5){ref-type="fig"}*B*) shows a negative transient followed by a stationary current, indicative of electrogenic steady-state transport. MjNhaP1 has a positive current transient ([Fig. 5](#F5){ref-type="fig"}*A*) and lacks the stationary current, as its steady-state transport is electroneutral. Despite the inverse sign of the charge, and accounting for the variability between measurements on different SSM sensors, both current transients have comparable amplitudes, indicating a similar charge displacement.

![**Na^+^ translocation in MjNhaP1 and EcNhaA.** Transient currents of MjNhaP1 (*A*) and EcNhaA G338S (*B*) were recorded for a Na^+^ concentration jump of 10 m[m]{.smallcaps} at pH 8.5. Drawings in *A* and *B* illustrate the mechanism of Na^+^ translocation and the resulting charge displacement in MjNhaP1 (*A*) and EcNhaA (*B*). The indicated direction of substrate translocation portrays the physiological direction of Na^+^ transport in each exchanger. The *blue field* highlights the region of the translocation complex, which comprises charged amino acids (*red circle*) and the transported Na^+^ (*green circle*). Total displaced charge during a Na^+^ translocation event is depicted by the *gray arrow* for each of the two exchangers. Data in the *top panel* of *B* were originally published in Ref. [@B11].](zbc0221483420005){#F5}

The *lower panels* in [Fig. 5](#F5){ref-type="fig"} illustrate how the observed charge displacements in the two transporters may be envisioned. Following substrate binding, a small region of the transporter, the translocation complex (highlighted in *blue* in [Fig. 5](#F5){ref-type="fig"}), is relocated from periplasmic (Ψ~peri~) to cytoplasmic (Ψ~cyto~) potential. The total displaced charge is the sum of charges carried by the substrate ion(s) (one Na^+^ ion is depicted in [Fig. 5](#F5){ref-type="fig"}) and nearby charged amino acid side chains (shown in *red* in [Fig. 5](#F5){ref-type="fig"}). Note that charged side chains that do not change accessibility from one side to the other do not contribute to the charge displacement. Therefore, the region contributing to the charge displacement is likely to be restricted to the substrate binding site and surrounding residues.

In EcNhaA, two negative charges reside in the translocation complex together with the transported Na^+^ ion as shown in [Fig. 5](#F5){ref-type="fig"}*B*. These charges have been proposed to be Asp-163 and Asp-164 ([@B11]), which accounts for the observed negative transient current. By contrast, the movement of the substrate-loaded MjNhaP1 from the outside to the inside of the proteoliposomes is associated with a positive charge displacement ([Fig. 5](#F5){ref-type="fig"}*A*). Assuming that the binding site includes the negatively charged Asp-161, both reactions are expected to be electroneutral if one H^+^ or one Na^+^ ion is translocated together with the deprotonated Asp-161 side chain.

Based on these findings we conclude that (i) in addition to the conserved aspartate other charged residues exposed to one side must become accessible to the other side during cation translocation and contribute to the charge displacement. These residues are most likely located at or near the binding site. (ii) Translocation of Na^+^ or H^+^ in MjNhaP1 is accompanied by a net charge displacement of +1, whereas in EcNhaA Na^+^ translocation is associated with a net charge displacement of −1. It remains to be shown whether this is a feature that distinguishes CPA1 from CPA2 transporters. If so, it might reflect a fundamental difference between electroneutral and electrogenic transport. In this context it may be of importance that in the physiological transport direction as shown in the *lower panels* of [Fig. 5](#F5){ref-type="fig"} the membrane potential acts to speed up Na^+^ translocation in both cases. Thus, further electrophysiological characterizations of other Na^+^/H^+^ exchangers are needed. Most importantly, a high-resolution structure of a substrate-bound Na^+^/H^+^ exchanger is required for a detailed description of the cation binding site.

#### pH Regulation Is an Intrinsic Property of the Na^+^/H^+^ Exchange Mechanism

As discussed in the following section, substrate competition is a simple and effective way to down-regulate CPA2 Na^+^/H^+^ exchangers to prevent overacidification of the cytoplasm. Likewise, CPA1 transporters are down-regulated by substrate depletion to prevent the cytoplasm from becoming too alkaline.

The transport mechanism proposed in [Fig. 1](#F1){ref-type="fig"}*A* is self-regulating, providing an intrinsic means of adaptation to a wide range of physiological conditions. To illustrate this, we simulated different physiological stress conditions, taking into account different ionic conditions and the membrane potential, on the basis of the experimentally determined parameters of the kinetic model and the charge displacements in the Na^+^ and H^+^ translocation steps. For these calculations we used a steady-state model as described previously ([@B11]). The results provide insights into the speed of the transport process and are, therefore, superior to simple thermodynamic arguments which can only answer the question whether a process is energetically possible or not.

The physiological role of NhaP1 in *M. jannaschii* is to control the intracellular pH. To this end the exchanger extrudes H^+^, taking advantage of the sodium gradient, which is most likely maintained by other transporters ([@B19]). As a consequence of the low intracellular Na^+^ concentrations on the H^+^ uptake side and the much lower p*K* value compared with EcNhaA, down-regulation due to substrate competition does not occur. Hence, MjNhaP1 remains active at low intracellular pH, allowing the organism to cope with acidic pH stress ([Fig. 6](#F6){ref-type="fig"}*A*). By contrast, as is evident from the lower p*K* value, a rise of the intracellular pH above 7 results in proton depletion. Moreover, the membrane potential accelerates Na^+^ translocation and slows down H^+^ translocation, making this step rate-limiting. Thus, MjNhaP1 is down-regulated at high pH, preventing excessive alkalinization of the cytoplasm.

![**pH regulation of Na^+^/H^+^ exchangers under physiological conditions.** Calculation was performed using the steady-state solution of the kinetic model shown in [Fig. 1](#F1){ref-type="fig"} and experimentally determined parameters. *A*, turnover of MjNhaP1 in the *M. jannaschii* cell as a function of cytoplasmic pH under the following conditions: pH~out~ = 5, \[Na^+^\]~out~ = 500 m[m]{.smallcaps}, \[Na^+^\]~in~ = 5 m[m]{.smallcaps}, ΔΨ = −100 mV. Parameters used for the kinetic model were: p*K~o~* = p*K~i~* = p*K* = 6.8, *K*~*D*,*o*~^Na^ = *K*~*D*,*i*~^Na^ = *K*~*D*~^Na^ = 14 m[m]{.smallcaps}, *k*~1~^+^ = *k*~1~^−^ = *k*~1~, *k*~2~^+^ = *k*~2~^−^ = *k*~2~, *k*~2~/*k*~1~ = 0.2, displaced charge +1 elementary charge during Na^+^ and H^+^ translocation. *B*, turnover of the EcNhaA Na^+^/H^+^ exchanger in the bacterial *E. coli* cell as a function of cytoplasmic pH under the following conditions: pH~out~ = 7.5, \[Na^+^\]~out~ = 500 m[m]{.smallcaps}, \[Na^+^\]~in~ = 5 m[m]{.smallcaps}, ΔΨ = −150 mV. Parameters used for the kinetic model: p*K~o~* = p*K~i~* = p*K* = 8.8, *K*~*D*,*o*~^Na^ = *K*~*D*,*i*~^Na^ = *K*~*D*~^Na^ = 3 m[m]{.smallcaps}, *k*~1~^+^ = *k*~1~^−^ = *k*~1~, *k*~2~^+^ = *k*~2~^−^ = *k*~2~, *k*~2~/*k*~1~ = 7, displaced charge −1 and 0 elementary charges during Na^+^ and H^+^ translocation. *Schematics* show the transport direction of H^+^ (*purple circle* and *arrow*) and Na^+^ (*green circle* and *arrow*) in the "forward" (physiological) mode. The direction of the Na^+^ (*green triangle*) or potential (*yellow triangle*) gradients is also indicated.](zbc0221483420006){#F6}

For comparison, we also calculated the pH-dependent activity of EcNhaA ([Fig. 6](#F6){ref-type="fig"}*B*) using the parameters determined previously ([@B11]). NhaA is known to be essential for *E. coli* at elevated Na^+^ concentrations and alkaline pH. Under salt stress conditions, Na^+^ ions are extruded against a Na^+^ gradient. This is possible even at close to neutral external pH because of its electrogenic exchange stoichiometry, which means that Na^+^ transport is accelerated by the membrane potential ([@B11]). Conversely, due to substrate competition at the Na^+^ uptake side (inside), the transporter is strongly down-regulated at cytoplasmic pH \< 7, preventing acidification of the cell interior.

#### A General Mechanism for Transport and pH Regulation of Na^+^/H^+^ Exchangers

The proposed mechanism provides a simple and elegant explanation of the kinetic properties of the electrogenic CPA2 exchanger EcNhaA ([@B11]) and the electroneutral CPA1 exchanger MjNhaP1. It accounts for the widely discussed pH dependence and the observed substrate competition. Moreover, it provides an intrinsic concept of autoregulation ([Fig. 1](#F1){ref-type="fig"}) and can be employed by different organisms to adapt to a wide range of physiological stress conditions. This is easily achieved by changes in affinity constants for Na^+^ or H^+^ or by a change in stoichiometry. Clearly, the model cannot account for some of the reported pH effects in eukaryotic antiporters, such as the up-regulation of Na^+^ efflux ([@B20]) or cooperative activation by cytoplasmic acidification ([@B20][@B21][@B23]). These are most likely mediated by a large cytoplasmic regulatory domain, which is absent in the prokaryotic Na^+^/H^+^ exchangers. Considering, however, the structural similarity of their transmembrane domain, it seems likely that eukaryotic Na^+^/H^+^ exchangers follow the same mechanistic principles of pH regulation as their prokaryotic ancestors. In particular, alkaline down-regulation by substrate depletion as proposed for MjNhaP1 makes physiological sense. Whether further mechanisms modulate the pH dependence of their activity profile remains to be investigated.
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